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SUMMARY 

A method is developed for extendtig to higher Mach numbers the region 
of low drag attainable for wing-body combinations by the use of the Wan- 
sonic area rule. It is found that to a good approximation, the drag 
depends only upon the longitudinal distributions of area and moments of 
area about the vertical plsne of symmetry parallel to the free-stream 
direction. The essential requirement of the method is that the longi- 
tudinal development of the moments of area be smooth snd gradual. 

Results of an expertiental Fnvestigation conducted in the Ames 2- by 
2-foot trsnsonic wind tunnel to test the theory ace presented. The 
results in essence confirm the predictions of the theory in that the zero- 
lift wave drag of a wing-body configuration over a range of low supersonfc 
Mach numbers as well as at sonic speed is reduced when auxiliary bodies 
sxe mounted on the wing. 

INTRODUCTION 

R. T. Jones has expressed the theory of wing-body wave drag at super- 
sonic speeds in a form which illustrates the dependence of the drag upon 
the longitudinal distributions of the cross-sectfonal sreas of the complete 
configuration intercepted by planes ticlined at the Mach angle of the flow 
(see ref. 1). The derivation contains as a special case for a Mach number 
of one the trsnsmic srea rule introduced by Whitcomb (ref. 2) wherein the 
intercepting planea sze normalto the longitudinal axis of the configura- 
tion. It was concluded in reference 1 that the modification of a wing-body 
combtiation in accordance with the trsnsonic szea rule would generally be 
expected to result in drag reductions at near sonic speeds; however, ft 
was pointed out that, at higher supersonic Mach numbers, this modlffcation 
would sometfmes result in drags greater than that of the original config- 
uration. In reference 1 a method for contouring the fuselage of a wing- 
b&y combination was presented which achieved drag reductions at particulsr 
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supersonic design Mach numbers, but only at the expense of increasing the 
sonic-speed drag compared with that of the corresponding transonic-srea- 
rule conf-lguration. Thus, it appears that the methods for minimfzing wave 
drag described fn references 1 and 2, which are both based on the longi- 
tudinal distributions of cross-sectional area, are effective for only a 
limited Mach number range. 

. 
In the present paper, Jones' generalized zero-lift wave-drag formula 

is re-examined in an attempt to develop a method for minimizing the wave 
drag of a wing-body combination over a wider range of Mach numbers. l 

ANALYSIS 

Calculation of Zero-Lift Wave Drag 

It has been pointed out in reference 1 that the transonic srea rule 
was predicted by the linesr theory, but was discounted because basic 
assumptions of the theory are violated in this application. It has been 
suggested by Jones that other pred$ctions of the linear theory which may 
have been overlooked should be systematized and investigated experimen- *r 
tally. Thus, in the present analysis a possfbly unwsrranted emphasis Is * 
placed on the formal predictions of the linear theory at Mach numbers near fi 
one. 

In reference 3 methods are given for calculating the aerodynsmic 
forces on airplane configurations utilizing very few assumptions other 
than those needed forlinearization. An additional approximation is 
employed in reference 1 to relate the supersonic zero-lift wave drag of 
a wing-body combination to the drags of a series of equivalent bodies of 
revolution each of which is determined from the cross-sectional sreas 
intercepted on the configuration by a set of parallel Mach planes. The 
result of reference 1 coincides with the more exact result of reference 3 
at sonic speed, and the deviation with increasing Mach number is expected 
to be small in a limited range of Mach numbers as long as the configura- 
tion is a conventfonal monoplane type. 

In the interest of obtaining a result in terms of familiar geometrfc 
concepts and to facilitate calculations, the method of reference 1, termed 
the "Mach plane method,n will be employed here. This approximate theory 
greatly simplifies theVdiscussion of 
design of wing-body combinations. 

As a preface to the development 
for calculating drag, the Mach plane 
Symbols are defined in Appendix A. 

gross effects of variations in the 

of the method of the present paper 
method will be briefly reviewed. 

k 
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Mach plane method;- Consider a wing-body cabination such as shown 
in sketch (a). Let x be the coordinate in the free-stream direction, 
y the spanwise coordi- 
nate, and z the remain- z 
ing Csztesisn coordinate HX 
in the thickss dfrec- 
tion, with the origin at 
the center of the body. 

AMachplane can be 
defined as a plane with 
its normal at 811 angle 
of tan-1(1/p) to the x 
axis. Let (xl,p,cp) denote 
the Mach plane which inter- 
sects the x axis at x' 
and has the projection of 
its normal on the yz 
plane at an angle cp to 
the y axis. Let 

r* - S(x',fl,Q) be the area of 
the projection on the yz 

Sketch (a} 

rt plane of the cross-eectfonal area intercepted on the configuration by the 
Mach plane (x',S,q). Then the drag of the configuration is the average 
with respect to cp of the drags of the equivalent bodies of revolution 
defined by the area distributfons S(x*,B,q). 

A method introduced in reference 4 is used in reference 1 to evaluate 
the drag of each equivalent body of revolution. The variable 13 is 
defined by the relation 

X' = k cos e 
2 (1) 

where B is the length of the equivalent body. Then a set of quantities 
An(P,cp) are defined a8 the coefficients of sin n0 in a Fourier series 

expansion of Consequently the An(l3,q) csn be determined 

from the relation 

An(P,cP) = $ 
s 

o as(x', ati(r 
-¶I ax* 

(2) 
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Finally, the drag -of the configuration is given by 

(3) 
” n=i 

Within the framework of the linear theory this result is valid only for 
equivalent bodies of revolution with no diecontinuities fn the gradienti 
of the area distributions. 

It should be noted that unless all parts of the configuration lie 
between the nose Mach cone and the forward Mach cone from the tafl, the 
equivalent body length, 2, will be greater than the actual body length 
in scme cases. However, by consideration of streamwise body extensions 
of venishingly Bmall cross-sectional area, it can be seen that a constant 
value of 2 equal to or greater than the length of the longest equivalent 
body can be used In equation (1). 

Series-expansion method.- In this section the Fourier series coef- 
ficfents defined in equation (2) till each be expanded in a finite series 
so that the drag formula can be expressed as a power series in powers of 
P* This manipulation leada 
convenient set of geometric 
plane method. 

to an expression of the drag Fn terms of a 
parameters which were not apparent in theMach 

By the use of equation (l), equation (2) can be written as 

s 
z/2 as(x’,p,ql) sinbe) at 

-z/2 
ax' sin 8 

or after a partial integration 

* 
* i 

. 

+ 

l .L 
.- - 

(4) 

provided that astxt, B,~) 
ax* and S(x*,g,cp) are zero at the nose and t&l.' 

tr 

IFor a practical configuration where the srea distribution is not 
zero at the tail, the distribution of a K&m& ogive having a base area 
and length equal to that of the configuration under consfderation can be 
subtracted frczn S(x' ,P,(P) so that the resulting equivalent-body area 
distributions will be zero at the nose and tail. The drag due to the 
part removed can then be calculated by means of equation (2) rather than . 
equation (4). The choice of a K&m& srea distribution fnsures that there 
will be no interaction drag from the part removed as long as all configu- 
ration psrts lie tithin the Mach cone from the body nose and within the .v 
forward Mach cone from the tail, as can be seen by the use of equa- 
tions (23 and (3). 
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The second factor of the integrand of equation (4) can be expanded 

in a finite series of powers of 5 @v- by 

(5) 

where 

bm= 

n 

for 
of 

-Ill 

even values 
n-m 

I 

6) 

Substituting equatfon (5) into (4) and interchanging the order of 
summation and integration yields 

An(P,cP) n22 (7) 

m=o 

At this po$nt, a more explicft expression for S(x*,p,cp) in terms of 
the configuration geometry is needed for substitution Fn equation (7). 
Let t(x,y) be the thiclmess distribution of the configuration including 
that of the body or bodies. It will be assumed that the distance of all 
parts from the xy plane is small enough that S(x*,~,cp) can be approxi- 
mated by 

J 
Y2W JB ,d 

Sk’ ,B ,d = t(x* + By cos q,y)dy (8) 

YlW ? P&J) 

where ~dx*,P,d and Y ( a x',Cj, 
T 

) define the edges of the configuration 
intercepted by the Mach plane x',fl,q~). Equation (8) represents a plansr 
approxjmation. Analogous expressions not involving this approxtiation 
can be found and exploited, but only the planar case till be discussed in 
this report. 



Substitution of equation (8) into equation (7) yielde 

If it is underatod that t(x,y) la zero at point8 off the configuration rather than an analytic 
continuation of its form at points on the c&figuration, the integrations with respect to x1 and 
y can both be taken fram - to ‘D &fi the order of integration interchanged. In adaition, with 
the substitution uf x = x’ + Py COQ cp, equation (9) becanea 

Ant DA’) = ybm(fT 2 {:+ llt(x,y) (x - %i”s $im dx dy, nk2 (10) 
m-0 1 

!Che qus&lty in parentheses which ia raised to the power m cau be expand& by the bincimial 
theorem into 

where 

Then substituting equation (11) into equation (i0) yields 



.c ! I I I, 
1 

. I’ 
3 

Upon interchange of orders of integration and summation, shorteniag of the Interval of integration, 
and arbitrary grouping, this becomes f 

Anb ,d Jybnmf (,l)P Cm @ COB Q ' 2 ' 2 
P ( 2/g ) (7) ; J;;: c;i;::: t(%Y)Yp,l ($Jm-p ax (13) 

ma0 Pro -- P- a 

where yo( x) and y,(x) define the two edges of the configuration. 

The quantity in brackets izl equation (13) can be identified as the longitudtil disW.bution 
of the pth moment of area of the configuration. This Fndicates that the drag of the configura- 
tion can be expressed entirely In terms of moment dlstdbutions (lncludlng the area BlstrIbutim 
which correspcds to p E 0). 

The moment distrlbutlons can be defined as 

Mpk) = s 
Y,(X) 

t(x,Y)Yw (14) 
Y=-Y,(X) 

S'ubstitutFng thj.6 In equation (13) ylelds 

m 
A&d m bnm 

7 c 
(-1)P cm 

Ill=0 p-0 

p $ (;jW2 41" Mp(x)($m-p ti BPcos% 

or lnferchengbg the or&r of suunnfitlons yleia6 

n-2 

An(S,d = 
c 

(-1) PBpcospql 

PO L 
7 bm C; $ (;)w2 4;: Mp(x)(+)-p dj 

=P 
as the desirea expansion of the An@ ,cp) Is In powers of f3. 

(15) 

(16) 
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It can be seen in equation (14) that if the configuration has span- 
wise symmetry, the odd moment distributions will be identically zero, and 
the terms of equation (16) resulting from odd values of p will be zero. 
With streamwise symmetry of the moment distributions in addition, the odd 
values of n and m would be eliminated. 

In the process of substituting equation (16) into Jones' drag equa- 
tion, it is convenient to define several new symbols. 

. 

-- c- _.. .-.- 
Let -. 

dx (17) 
Y 

m=p 

so that 

n-2 

An(Bt(P) = 
z 
- (-l)p~pcosp~ bp 

P=o 

Then bb(p,cp> I2 can be written as 

(18). 
*.. 

-L 

n-2 n-2 
- .-. 

- 

\ [An(P,cP) I” = 
cc 

i-11 p1+p2 hpl hp,cos 
...(pi+p’j<cp)p 

(Pl+P2) 

Pl=o P2=0 
-. 

q-2 
.- , 
( [An(P ,rP) I2 = cosq@q (19) 
2 

where the odd values of q are omitted because the terms result- from 
such values would not contribute to the drag. 

In addition to Lnp of equation (X7), there sre several other 
quantities depending upon Lnp which sre notational aids. Let 

- 
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c :. 
. and 

1 
- - 

I 
Then 

p’2 
2 

Inq = 2 
c 

bP1 Wq-Pr) 

pl=q-n+2 

2tl-4 CAn(B,cP) I2 = c lNnq + qqkos%pq (=I 

(21) 

q=o 
q even 

Substituting this in equation (3) yields 

or, if it is assumed that the series may be integrated term-by-term, this 
becomes 

where 

D = q T II C4 (Nnq + &qI JqPq 

n=2 q=o 
q even 

Jq = & co&p acp = q! 
I qeven 

(23) 

(24) 

Interchanging the order of summations in equation (23) results in 

D SPY2 =- 
8 

9 

03 

C' 
q=o 
even' 

J@ 

i 

w 
c &22 

2 

dkq + Inq) 

I 

( 25) 
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Let Nq be the quantity derived from Nnq by 
I 

00 

Nq = 
c 

n Nnq 

n* 

and define Iq as 

00 

Iq = 
c 

fl Inq 

?&I% 2 

Then substituting these in equation (25) yields 

00 

Jqbq + Iq) Bq 

NAC!A RM A5kJlg 

(26) 

. 

(27) 

PO 
q even 

as the desired expansion of the supersonic zero-lift drag formula in 
powers of p. 

From the foregoing; it is seen that each Nq depends only upon the 
longitudinal distribution of the moment of area of order q/2, whereas 
each Iq depends on all moment distributions of order zero to [(q/2) - 11. 
Thus, each Nq represents a contribution to the drag from the moment dis- 
tribution of order q/2 alone, and each Iq represents a contribution 
resulting from the interaction of the first [(q/2) - 11 moment distribu- 
tions. 

Although the question of convergence of the series of the foregoing 
analysis has not been investigated in detail, several observations and 
practical hints for calculation csn be offered. 

The values of each An(p,rp) obtained by the series-expansion method 
are identical to those obtained by the Mach plane method. Therefore, if 
it is assumed that the drag of a configuration can be calculated with SUP- 
ficient accuracy by using the first N terms of the Mach plane method, it 
follows that the interchange in order of summations by which equation (23) 
is derived from equation (23) is valid for these terms. 

;= 
In the Fourier seriea analysis of &(x',p,g)/ax' in the Mach plane 

method, it is evident that th cs will be suppressed if the . ,~ 
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smallest allowed value of 2 is used rather than a large value. Conse- 
quently, the convergence of both the Mach plane snd series-expansion 
methods fs best when the smallest allowed value of 2 is used in equa- 
tions (1) and (17). In efther method the number of terms required to 
obtain the major part of the drag csn be held to a minimum, and the 
mathematical calculations thereby facilitated, by dividing the cotigura- 
tion under consideration into a short psrt and a long part. The qua&i- 
ties f&(p,cp) of the complete configuration sre the sums of the corre- 
spending quantities of the separate short and long parts as gfven by the 
relation 

where the subscript S is used to denote short psrt and I, long part. 
men t&d Em) I2 is given by 

CAnhP) 1” = Msl.l(B,(p) I2 + =snhk&V~) + [Au(a,q)12 (30) 

4-c 

-II 

When this expressian is substituted in equation (3) it is seen that the 
IASn(B,P)12 will yield the drag of the short psrt alone, [Aa(B,cp)j2 
the drag of the long part alone, and ~L&(B,~P)A~(B,cJI) the interaction 
between the short and long parts. Then a smaller value of 2 can be 
used to calculate the drag of the short part alone. Although no reduc- 
tion in the value of 2 is possible for the other two parts of the drag, 
the convergence ie improved because of the absence of the high hsrmonic 
content of the short part from Ab(S,cp). 

The number of terms to be Included in the drag formula will depend 
upon the relative Importance of accuracy and simplicity. In the search 
for low-drag design criteria, a very small number of terms tight be 
appropriate. As an example of the mesning of this remsrk, ft csn be seen 
that only two terms need be considered to arrive at the supposition that 
the Sears-Haack area distrfbution is sn optimum for g%ven length and 
volume. Only one term is needed to conclude that the fineness ratio of 
a body should be as large as possible when the pressure drag alone is 
considered. 

A Method for Reducing Drag 

The general problem which will be considered in this section is that 
of designing a wing-body combination with low drag in a range of super- 
sonic Mach numbers when certain basic parameters, such as total volume, 
sre specffied. In order to obtain definite answers, msny additional 
psrsmeters such as those involved in the specification of the wing plan 
form must be assigned srbitrsrily. For example, the wing can be chosen 
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arbitrarily, and the optimum body shape for minimum zero-lift wave drag 
at a specZfied Mach number can be found by methods described in refer- 
ence 1. 

;* 

If the number of parameters affect- the drag is small, as is the 
case when the transonic area rule is valid, the general problem of drag 

. minimizatfon is greatly simplified. The series-expansion drag formula of . 
the present analysis is also expressed in terms of a amall number of - 
parameters if the higher powers of B csn be neglected or If the sutuma- 
tions over n cm be cut off at a small number. Because of the resulting 1 
simplification it has been found that the min&uization procedure employed 
in reference 4 can be used to design sn optimum wing-body combination .- 
with minimum drag at a Mach number of one and minWum drag rise at low 
supersonic speeds. As a first applicatfon of-the foregotig analysis this 
procedure will be.described and exploited. The validity of the result is 
subject to some,question because the basic assumptions of the linear theory 
are violated at Mach numbers nesr one. However, the results are of inter- 
est In the absence of a method for applying a more exact theory. 

For the ordinary case of spanwise symmetry, equation (28) can be 
written as 

5 (N 8 f 1,) pa + o(f+“) 1 (31) - 

In the speed and aspect-ratio range where p2 and higher powers of 
P can be neglected, the drag depends only upon the srea distribution, 
since this is the only feature of the geometry affecting No. It can be 
assumed that the geometry will be such that the higher powers of p 
should be taken into account successively as the value of B is increased. 
Then in the speed range where powers of p greater thsn two can be neg- 
lected, the drag depends only on the area distribution snd the second- 
moment-of-area distribution, since these two determine the value of 12. 
As successively higher powers of p ase taken Vito account, correspond- 
ingly higher ordered moment distributions sre involved. 

The following procedure is proposed for reducing the wave drag of a 
wing-b&y configuration: 

1. Minimize the drag at a Mach number of one by exclusive attention 
to the mea distribution. 

2. Minimize the drag at slfghtly higher Mach numbers by exclusive 
attention to the second-moment-of-area distribution excluding * 
any changes which would alter the area distribution. 
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v- 

39 Continue to find the optimum higher ordered moment distributions 
successively without disturbing the lower distributions in 
their prevfously derived optimum forms. 

This procedure leads to a unique set of moment distributions. 

Substituting equation (20) into (26) with q = 0 yields 
m 

No = 
1 

n (ho)2 

n=2 

(32) 

l3xm.1 equation (14) with p = 0, the volume of the configuratfon, Vo, is 
identified as 

s 
l/2 v, = Mom (33) 

--L/2 

vr 

By the use of equation (17) with n = 2 and p = 0, tQe first term of 
equation (32) is found to be proportionalto (Vo/22) . Then, since all 
the terms of equation (32) are positive, No is a minimum for given 
values of Vo and 2 if 

ho = 0 for 

To satisfy equation (34) and similar 
resrrangement of equation (17) is needed. 
this equation are reversed to obtain 

f- 

n#2 (34) 

equations which will occur, a 
When the integral and sum of 

1 

p2/2 
n-2 

n /-\pt-2 I F - / w-p 

I dx 

1 the qusntity in brackets can be Identified as T dp+l Sin I@ . 

P* 1 sin8 

with the aid of equations (5) and (12) so that 
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Then after (p+l) partial integrations this becomes 

sinne dx 
sin 8 

provided that 

dq c 1 x q 
do 

Mp(x) 

2./2 

NAJZAFW A$Ulg 

=o 

x=-z /2 

(35) 

. 

. 

(36) 

for all integer values of q from zero to p. Equation (36) is satis- 
fied if Mp(x) and the first p derivatives of Mp(x) are zero at 
x= *t/2. 

It follows from equation (35) with p = 0 that equation (34) is 
satisfied by 

dM0 -= 
dx 

L20sidH = 4520 t/g 
P-) J;-w 

(37) 

By integration and use of the fact that the configuration does not extend 
beyond x = +2/2, this kcomes 

MO(X) = $ 2 Lzo [l - ($y'2 (38) 

For purposes of evaluating the drag, this &ea distributi& can be put &I 
the form 

Mob> = Mob> [I - (+y]3’2 (39) - 

*I 

n- 

? 

, 
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. - 
where MO(o) is the maximum value of the distribution. Then 

c 

and 

Mo( 0) 
L20 = 3 - 2 

Mob> 2 D = p ov2 b [ 1 

15 

(41) 

is obtained as the drag of the optknum configuration in the speed rsnge 
where p can be neglected. Equations (39) snd (41) sre in agreement 
with the results of references 4 and 5. 

By substitution of equation (34) fnto equations (2l) and (!?7), it 
is found that I2 and I, will be zero for a configuration tith the opti- 
mum srea distribution and all other Iq's will be independent of the 
area distribution. In that case equation (31) becomes 

$&(N 8 + &Ma + o(PO~ > ( 42) 

In minimizing N4, it can be assumed that the second-moment distri- 
bution of the body is negligible so that 2 csn be replaced by 2s, the 
wing length. More exactly, 22 is the length of the projection of the 
wing on the body sxfs. Substituttig equation (20) into (26) With q = 4, 

The second-mcanent volume of the configuration csn be defined as 

J 
12/2 

v2 = Mid x) dx 
-22/2 

W) 
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By the use of equation (17) with p = 2, the first term of equation (43) 
is found to be proportional to [VJ('t,)'j*. Then since all terms of equa- 
tion (43) are positive, N4 is a minimum for given values of V2 and Z2 
if 

b=O for n#4 (45) 

It follows from equation (35) tith p = 2 that this requirement is met by 
setting 

. 

. 

d3M2(x) 
dx= 

= L&@n(40) 

By triple integration and use of the sufficient requirement of equa- 
tion (36) that M2(x) and the first two derivatives of M2(x) be zero at 
x =fl2/2,this becomes 

I 
I 

b(x) = & (z2)3 L42 [l - (&)s]7'2 (47) 
L m 

or 

M,(x) = M2(0)[1 - (&yr’2 

is obtained as the optimum second-moment distribution. 

M2( 0) 
L42 = 105 m 

Then 

and by substitution of this in equations (42) and (431, the expression 

D = F @ r+]’ + 16537.5 r!]=p4} (50) 

is obtained as the drag of a wing-body combination for which the distri- 
butions of area snd second mcment of area are optimum when powers of p 
greater than four are neglected. I 

The foregoing process can be continued indefinitely until a complete 
set of optimum moment distributions is obtained. The results are _... 
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,L 

where 

. 

- a- 

I- 

-: 

*(x) = n,(o+‘- (+)ySIe) 

2, = 2 

zp = 22 for P>_2 

and the drag of such a configuratfon is given by 

p even 

17 

(51) 

(52) 

Since all the terms of equation (52) are positive, this drag and the 
corresponding drag coefficient must increase monotonically with ticreasing 
Mach number. Ale0 since all the term6 are positive it can be eeen from 
the first two terms that the drag will be very large at 

(53) 

Equation (53) can be used to eetimate the upper limit of the Mach number 
range of applicability of the foregoing low supersonic technfque for drag 
reduction. 

It is interesting to note that a configuration desQned according to 
equation (51) would have lsrge drag at the higher Mach numbers as a con- 
sequence of elitiatkg the drag components due to interactions of the 
moment dFstributions. Although the drag due to each moment distribution 
alone must be positive, the interaction drags can be negative. The inter- 
action drags which would be beneficial ti a given Mach number increment 
were eliminated in the process of miniimfzing the drag at lower Mach num- 
hers. 
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L s- 
APPLICATIONS AND DISCUSSION 

Desigu of Configuration for Low Drag 

In the "ANALYSIS" section, it has been shown that the wave-drag 
formula can be expanded in a power series of the form 

D = a, f a2S2+ a4S4 + . . . (54) 

where the constants a0,a2,a+, and so forth, are independent of Mach number 
and are determined only from the geometry of the configuration. In this 
section, the physical significance of these constants till. be discussed and 
some examples presented of the practical means available for minimizing the 
constants in order to reduce the drag of wing-body combinations at low 
supersonic speeds as well as at Mach number one. 

The details of the procedure for deriving the constants from the 
geometry using a planar approximation are contained in the "ANALYSIS" 
section and in Appendix B. Eq-tions (171, (2~8, (21), (2% hi'>, and 
(28) indicate that, in general, a0 depends only on the area distribution, 
a2 depends upon the second-moment-of-area diatributian as well as on the 
area distribution, and a4 depends on the fourth-moment-of-area distribu- 
tion in addition to the previous two distributions. Hence it is seen that 
the trausonic area rule is valid in the s-peed range where p is small 80 
that all terms except the first in equation (54) can be neglected. Fur- 
thermore, it is expected that as the Mach number is increased, starting 
from one, all except the first few terms should raain negligible in a 
range of low supersonic Mach numbers 80 that at these speeds the drag 
should depend only upan the area distribution and the second-mcment-of- 
area distribution. 

-\ _ 

-. - 

-- 

If the configuration area distribution is made sn optimum for minkmnn 
drag at a Mach number of one by the use of the transonfc area rule, the 
determination of a2 and a4 is simplified. In that case a2 is zero and 
ag depends only on the second-moment-of-area distribution. Consequently, 
if the second-moment-of-area distribution c&z1 be varied without changing 
the area distribution, the drag at low supersonic speeds can be minimized 
with respect to.such.variations without increasing the sonic speed drag 
which depends only on the area distribution. In order to see that the 
second-moment distribution actually can be varied without changing the 
area distribution, definition8 of these distributiona are needed. 

The area distribution is given by 
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where t(x,y) is the thickness distribution of the configuration includ- 
ing wing and b&y, and Y(x) is the value of y at the edge of the plan 
form. In this definition spanwise symmetry of the configuration has been 
assumed. 

The second-moment distribution can be approximated by 

s y(x) 
M,(x) = 2 Y=e,YMY (56) 

R(x) 

where R(x) is the value of y at the wing-body juncture. Here the 
second-moment distribution of the body is neglected because of the small 
values of y at the body compared with those on the wing. Since the body 
moments are negligible, changes in the body shape will vary the configura- 
tion srea distribution without alter- the second-moment distribution. 
Conversely, the second-moment distribution can be altered while holding 
the area distribution fixed by vsrying the wing geometry and the body 
shape at the same time. 

If the area and second-moment distributions sre made opt-, the 
drag can still be varied by altering the maguitudes of these distributions, 
as can be seen in the drag formula for such a configuration given by 

D=r; 9 npv2 [ M,y 1 2 2 + 3305 -ET xpv2 [ y& 1 !34 + ate”) 
2 

(57) 

where MO(O) is the maximum value of the area distribution, 2 is the body 
length, M2(0) is the maxQnum value of the second-moment distribution, +nd 
Z2 is the wing length. 

Neglecting powers of p greater than four in equation (57') provides 
an insight into the requirements for reducing the pressure drag at low 
supersonic speeds. The srea-rule requirement that the ratio .Mo(o)/Z be 
small indicates that the fineness ratio of the body should be large as 
previously noted. Examination of the quantity M2(o)/Z23 leads to the 
conclusion that not only should the thickness ratio of the wing be small, 
but also the thickness ratio should taper to a minimum at the wing tips, 
and the ratio of effective streamwise length to span of the wing should 
be large. At higher Mach numbers, where the higher powers of S cannot 
be neglected, these conclusions would not apply. 

The ratio of effective length to span of a WLng csn be increased in 
several different ways, for example, by extending the wing chord. However, 
large frictional drag penalties are usually associated with the increased 
surface area accompanying such changes. Another possible method of 
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V: 

increasing the effective-length-to-spsn ratio of the wing is by the addi- 
tion of auxiliary bodies of revolution mounted on the wing. This method 
has the sdvsntage of relatively small increased surface area and attendant 
friction drag. The bodies of revolution are particularly attractive Fn 
the case of wing-body configurations of relatively large wing span where 
application of the transonic area rule could be expected to produce drag 
penalties in the low supersonic. speed region, 

As an illustration of the application of the drag-reduction proce- r 
dure, hereinafter referred to as the "moment-of-area rule" as distin- 
guiahed from Whitcombfs area rule, consider the wing-btiy combfnation 
shown in the upper psrt of sketch (b). This configuration consista of a 

actual distribution - 

s--B--- - optimum distribution 

M2h) 

-+.Ax Ax 
Sketch (b) 

combination Sesrs-Haack-K&m& ogive body of fineness ratlo 11, and an 
elliptic-plan-form wing of aspect ratio 2.0 with circular-src sections 
and 5-percent maximum thickness ratio. The distributiona of area and 
second moment of-area for this basic configuration are also shown in the 
sketch. The shapes of these distribution curves sre not conducive to low 
drag in that the area distribution has a bump at the location of the wing 
and the moment-of-area dletribution is short snd has steep slopes. With 
the total volume fixed, the optimum shapes of the distribution curves (as 
defined by eq. (51)) are shown by the dashed lines.2 The desired distribu- 
tion of the second moment of area can be obtained by utilizing auxiliary 

. . 

?Che optimum second-moment distribution is not a function of Mach 
number because it is derived essentially by minimizing the derivative 
dCD/W4 evaluated at a Mach number of one. 

*a- . .-- 

;a 

--- 
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bodies. of revolution mounted on the wing as shown in the second part of 
sketch (b). The arbitrarily chosen spsnwise locatfon of the auxilisry 
bodies determines their size in that small bodies at an outboard position 
can produce the same second-moment distribution as larger bodies a-tan 
Inboard position. It is etident that in order to prevent an ticrease ti 
the maximum value of the second moment of area the auxiliary bodies must 
be waisted in the ticinfty of the maxfmum thicluxess of the wing. The 
area distribution msy be made optimum by reshaping the body to satisfy 
the requirements of the trsnsonic area rule after the auxilfary bodies 
have been added. 

*- 

In discussing the effects of modifications it is convenient to iso- 
late portions of the drag which will not be affected by the modifications 
under consideratfon. Considering pressure drag only, the quantity of pri- 
mary interest is the additional pressure drag caused by all additions to 
and alterations of the original body alone. The w5ng and auxiliary bodies 
are considered to be additions while the reshaping of the body is an 
alteration. Another reason for isolatfn@F this additional pressure drag 
(4CD) is that the basic assumptions of the linear theory used to calculate 
4CD for configurations with the transonic-srea-rule modification may not 
be tiolated, although the assumptions are violated at Mach numbers neer 
one for the body alone (see ref. 3). 

.F The additional pressure drag as just defined is obtained by c&Lcu- 
lating the drag of a configuration consisting of the wing, the auxiliary 
bodies, and the body cutout. The body cutout is tsken to be a negative 
srea distribution located at the position of the body surface. The calcu- 
lated values of 4CD for the unmodffied configuration, and the configura- 
tion modified according to the moment-of-erea rule sre shown in sketch (c). 

4CD 

d'. 

.Ol2 

R 
.m- x-7- modification-m-.--Y --~- 

.004- &--- 
ry 

0 I' I 

'CTV 

I I I I I 
1.0 1.2 1.4 106 

M c 
-r 

-- 

Sketch (c) 
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For compsrison, the calculated values of &CD for a configuration modi- 
fied according to the transonic area rule only sre also shown. A descrip- 
tion of the methods employed in the calculations appears in Appendixes B 
and C. The drag coefficient i,s based on the total ting area including the 
part of the wing hidden inside the body. It is apparent that the addition 
of the auxiliary bodies to make the second-moment-of-srea distribution an 
optimum results in large theoretical drag reductions at low supersonic 
speeds. It is to be expected that the actual drag reductions till be 
somewhat less than those predicted because of the effect of friction drag 
not taken into account by the theory. I 

. 1 * 

, 

Experiment 

In order to obtain sn experimental check of the theoretical predic- 
tions, models of the configurations under consideration were constructed 
.and tested in the Ames 2- by 2-foot transonic wind tunnel at a Reynolds 
number of 1.9 million based on the wing root chord, 

The expertientally measured values of the total drag coefficient at 
zero lift for the configurations are shown in sketch (d). 

0 unmodified wing-body configuration. 
0 area-rule modification 

0 moment-of-area-rule modification 
A unmodified body alone 

.02 --- unmodified body alone (calculated) 

CD 

.020 

.016 

01 I I I I I I I I I I 
.6 .8 1.0 1.2 1.4 

Sketch (d) 
M 

- I 
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These resulta confirm the predictfons of the theory in that the drag 
of the configuration modified by the use of auxiliary bodies is nesrly as 
iow as that for the configuration modified by the srea rule alone at a 
Mach number of 1.0 and is less at higher Mach numbers. The drag of the 
configuration ~5th auxfliary bodies is greater at subsonic speeds than 
that of the other configuratfons because of the tiger surface srea. 

The drag of the unmodified body alone is also shown fn sketch (d) 
together with the predicted supersonic value which fs plotted as an incre- 
ment above the experimental value of drag at low speeds. The poor agree- 
ment is considered to result from a reduction of skin frictfon at super- 
sonic speed due to an increase in the extent of the lsminar flow since at 
supersonic speeds the extended regions of falling pressure sre conducive 
to delay of trsnsition to turbulent flow. 

The incremental drag rises tith the body drag excluded from the 
experimental and theoretical values show much better agreement as can be 
seen in sketch (e). .020 

.016 

experiment 
--- theory 

-fTIP L I 
I\ 

e--=+ unmodified 

0 I 
.8 1.0 1.2 1.r: 

M 

moment-of-area- 
rule modification 

Sketch (e) 
me MD values were est-lmated from the experimental results by sub- 
tracting the subsonic drag of the configuration as well as the drag rise 
of the original body alone from the total drag of the configuration. This 
operation can be expressed as: 

. =D = '=total - (CDtOtd)at M=g.s - ['Dboay ime - 
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h?D = 'Dbody alone - 'nbody alone at M=. s > . 

For the auxiliary bodies employed In the foregoing experimental 
investigation, the assumption that powers of 0 greater than four csn 
be neglected ti the drag formula is violated at Mach numbers above 1.1. 
Hence it 1s expected that modifications more effective in drag reduction 
at the hfgher Mach numbers can be found if this assumption is not used. 
The series-expansion method for evaluating the drag cs.n be used to design 
auxiliary bodies which till minimfze the pressure drag at a specified 
supersonic Mach number If the higher values of n are neglected rather 
than the higher powera of fl. The result would correspond to the fuse- 
lage modification for mtiimum drag at a specified supersonic Mach number 
described in reference 1.‘ 

CONCLUDING REMARKS 
- e 

__..._ --- -. 
A basic method for estimating the first-order deviations of the drag 

of wing-body combinations from the values predicted by the transonic area 
rule has been derived. In a planar approximation it has been found that 
at Mach numbers above one the zero-lift wave drag depends on the dietribu- 
-Lions of moments of area of the configuration about the vertical plane of 
symmetry parallel to the free-stream direction as well as on the area 
diatributicm. Thus the srea rule can be supplemented by what might be 
termed a moment-of-srea rule for extending to higher Mach numbers the 
drag reductions associated with the use of the area rule at a Mach number 
of one. 

': - 

Just as its the case for the mea rule where the longitudinal develop- 
ment of area must be smooth and gradual to minimize the drag, so also, in 
application of the moment of area rule, the longitudinal development of 
the moments of area must be smooth and grsdual. It has been found that 
at low supersonic speeds the moment-of-area distributions of order higher 
than the second are of secondary importance. Significant drag reductions 
can be obtained at these speeds by mounting bodies of revolution on the 
wing for the purpose of improving the second-moment-of-area distribution. 
This point has been verified by an experiment performed in the Ames 2- by 
2-foot transonfc wind tunnel. 

An alternative way to visualize the mechanism of drag reduction by 
this mesns is to regard the auxiliary wing-mounted bodfes as local 
pressure-field cancellation devices in the s&me sense that Jones and 
Whitcomb employ the contoured principal body or fuselage to counteract 

L 
z 

-. . 
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the pressure field for the entire wing. From this point of view, it 
should be expected that the auxiliary-body modification would be most 
applicable to configurations embodying wings of relatively lsrge span 
where the area-rule effects would be limited because of the lsrge dis- 
tances of some of the WLng elements from the fuselage. 

The concept of introducing auxiliary bodies along the wing span to 
effect decreases in wave drag promises to find imports& application for 
aircraft intended to carry external stores. For such aircraft, the pos- 
sibility exists of shaping the stores according to the moment of area 
rule so as to obtain drag reductions at transonic speeds with no friction 
penalty at lower speeds. 

Ames Aeronautical Laboratory 
National Adtisory Committee for Aeronautics 

Moffett Field, Calif., Oct. 19, 1954 

. 
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an 

An(P,P) 

bm 

b wing span 

coefficient in a binomial expansion (See eqs. (II) and 
(12) .> 

D . 

IqtGlq 
Nq9Nnq > 

Jq 

b 

2 
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M 

&3(x) 

M2bd 

APPENDIXA 

coefficients of pn in a power-series expansion of the 
d-g 

coefficient of sin(n0) in a Fourier series expansion of 
as(x',B,~)/axt (See e+ (2) .> 

coefficient of x’ a 
( > 2/2 in a power-series expansion of 

a sfn(ne)/sin(e) (See eqa- (5) a (6) .I 
a 

zero-lift wave drag 
. 

quantities involved in evaluation of the drag 
(See eqs- (201, (W, (N, k% =d (28)J 

(See eqs, (24) and (28).) 

coefficient of (a CO8 cp>P in power-series expansion of 
An(p,T) (See ew- (17) e.nd (IS).) 

body length 

length of the longitudinal distribution of second moment 
of area (i.e., the length of the projection of the wing 
on the x axis) 

f c 

4 . 

. 

- . 

t. 

free-stream Mach number 

longitudinal distribution of area of the configuration 

longitudinal distribution of moment of inertia about the 
+ i -. 

xe plane (also called the second-moment-of-area distri- 
bution) 
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Mp( 0) 
M&d 
m,n,p, ¶ 
R(x) 
SW Ad 

t( X,Y) 

V 

VP 

x 

Y 

z 

w ,B,d 

Ydxt ,B,d 
Y2WtB9d 1 

3%(x) ,Y+bd 

y(x) 

B 

e 

P 
cp . 

-,- 

maximum value of moment of sxea of order p 

longitudinal distribution of moment of area of order p 
(See eq. (14).) 

dw integers of smtfon 

value of y at the wing-body juncture 

area of the projection on the yz plane of the cross- 
sectional area intercepted on the'confi@guration by the 
bhh plane (x*,P,(P) 

thickness dzktribution of the configuration including 
w3ngs and bodies 

free-stream velocity 

pth moment volume (See eqs. (33) snd (kk).) 

Csrtesian coordinate in the free-stream direction 

Csrtesian coordinate in the spsnwise direction 

Csrtesian co ordinate in the thickness direction 

Mach plane which intersects the x axis at x' andwhich 
has the projection of its normal on the yz plane at an 
angle cp to the y axis . 

values of y at the points of intersection of the configu- 
. ration edges with the Mach plane (x*,S,(p) 

values of y at the edges of the configuration 

value of y at the adge of a configuration with spanwiee 
SYmmeW 

speed psrsmeter equal to &K-i 

variable related to xt by X’ 

air density 

angle between the y axis and the projection on the yz 
plane of anormaltothe etch plane (~',E~,cP) 
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APPEUDIXB 

D~NSIONIZSS DRAG FORMULA 
a w 

I ' 

In order to take advantage of the decrease in the number of parame- , - ' ‘ 
ters resulting from similarity considerations, and to facilitate calcu- 
lations, the quantities defined in the .',ANALYSIS" section csn be made -. 
dimensionless. 

ILL.. 

The moment-of-area distributions defined in equation (14) can be 
divided by a thickness to and the half-span b/2 raised to the (p + 1)th 
power to obtain dimensionless moment distributions defined as 

I 

s 

YrM 
t(x,dyPdy b) 

Y=-YdX) 
- a 

Similarly, double moments occurrfng in equation (15) can be replaced by 

fipk = 2/x 
2/2. 

k+l 

0 

s Gp(x)xQx 

F? 
-z/2 

.- 

,@2) 

where c is the length of the projection of the wing on the x axis. . 

With these definitions, a dimensionless version of the quantities .I _ . 
DnP of equation (17) can be written as 

n-p-2 
F 

Lnp = -) 
- /dk+' 

Qnpk Mpk\?) ¶ n-p - 220 
. \'/ 033) 

with the constants gnpk defined as 

gnpk = @;nm = 

zero otherwise 
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Dimensionless Fourier coefficients can be deftied as 

and ip woula be 

I 

where 

- r Dimensionless drag components ten be aefinea as 

-a- 

-. 

so that 

P- 
written as 

j=o 
j even 

29 

05) 

j=o 
j even 

where 

Jj = 
1 

zi s 
2x 

co&p arp = j: 
0 

23 $! Ul 
2' 

3 even 

Then the .drag is given by 

D 

mo) 

(B11) 
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q = $ PV2 (B=) 

The following is a suggested computing procedure: 

1. Evaluate the dimensfonleas double moments Epk for the configu- 
ratfon uslng equation (B2). 

2. Choose a value of 2 equal to the length of-the longest equiva- 
lent body of revolution and evaluate the Lnp's of equa- 
tion (B3) . 

3. Evaluate the l?nj's 
tion (Bg). 

in equation (B'7) and the &'s 

The dimensionless drag components c2, &, E.+, and so forth, 
evaluated sepsrately so that the convergence tith respect to 
watched and computing errors found more easily. 

To determine which Cpk’EI are needed for each value of 
can be written out proceeding in the opposite direction from 
computing procedure. ThUS 

5 5 = 5 
[ 

if50 + $ii,, F 
0 

2 -I- 6 Es4 e + ( )I 2 

De = 6 

5 7, etc. 

There will be (n - 1) terms in En for even n and (n - 2) 
odd n. 

in equa- 

should be 
n can be 

n the sums 
that of the 

f 

I 

(B13) 

terms for 

- 

- I 

-. . 

r 

-. 
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Equation (B3) indicates that the quantities &, nfth p > n - 2 

are zero 00 that most of the terms in equations (E!6) are zero, Conse- 
quently, 

From equations (B3) and (Bb) 

E,, = Boo c 2 0 i 

&so = 
CS 

a01 7 -, 0 

L4, = - 
c2 - 

2M, 0 
c+ 

0 7 + =02 i I 0 

H”,, = <Z,212 

E 54 = (~52)” 

z34 = G,,2+ 

r. . 

. 

c2 
L42 = x%20 7 - 0 

-.- 

-. 

There will be 9 terms in & for even values of n and n - g - ’ 

terms for odd n. 
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Since only a small number of terms are involved in 6-, for n < 6, 
these En's &L be conveniently written out in terms of Rpk's 
lows : 

as fol- 

Because of the-small differences between large numbers involved in 
the evaluation of _Lnp for large values of n, it is probably not feasi- 
ble to calculate Dn for values of n as large as may be possible with 
the method of reference (I). 

. 
: c 

- 

I 

* ” 

_ 

-I 

. - 
. 
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d - APPENDIXC 

I 

. L ALTERNATIVEDRAGFCiREilTLA 

In reference 4 it is shown that bodies of revolution exist which 
involve only a small number of values of n in the Fourier series expan- 
sion of the gradfent of the body erea distribution. similarly, planar 
configurations exist which involve only a small number of values of n 
in equation (3) when 2' in equations (1) and (B3) is allowed to vary 
with polar angle cp and the speed parameter 8. One such, a wing of 
elliptic plan form and circular-src sections, was discussed in refer- 
ence 6 end was shown to have minimum drag for given volume tith elliptic 
plan form. 

. - 

-7 

In this Appendix the drags of a series of wKngs of elliptic plan form 
are derived and the drag of an srbitraryhlanar configuration is expressed 
in terms of the elliptic-wing drags for the purpose of including the pre- 
dominant effects of spanwise extension of the wing in a small number of 
terms of a series. 

The double moments (&) of sn arbitrary planer configuration can be 
expressed in terms of double moments associated with an elliptic plan form 
which encloses the arbitrary plan form. Then the drag of the srbitrary 
configuration till be equal to the drag of the correepondtig combination 
of elliptic-wing maments, 

Equations (B3) and (B5) csn be combtied to obtain 

n-2 n-p-2 

&= 
c c 

Qnpk cpk (F co* Pr (>“’ (Cl) 

po k==o 

Taking 2 to be the length of the equivalent body of revolution for en 
elliptic plan form of span bl andmaximum tihord c1 fields 

22 = cl2 + (pbl COB (P)~ 

or 
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With the definition 

it is found that 

so that 

where 

Cl - -- 
1 

CO6 a 

(9 co's cpy (Ty2 = sinpa eoak+% 
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n-2 n-p-2 

c c 
&pk E’pk SinPa COSk% . 

P=o k=o 

m 

L 

W3) --_’ 

- . 

The dimensionless double moments_(E'pk) of the el1ip-Q lens of 
reference 6 can be found by setting An = 0 for n # 2 and A2 = cos2a 
in equation (C3). S@~ilarly, other wings gf elliptic p.lan form can be 
defined by setting An = 0 for n # nl and An, = cos2a sinpla. Label this 
series of-wings tith the numbers nl =a ~1. The corresponding double 
moments Mn,plpk of each such wing can be found for even values of nl 
and p1 from the relation 

.- 

.- I. 

n-p-2 

Y c 
gnpk &plpksinPa coska = Gnnlstipla for all (c5) 

p=o k=o values of a and n 
p even k even -. 

where 

Equation (C5) can 2nl.y be satisfied for values of pr < n1 - 2 and it ten 
be seen that the Mn,plpk'S me zero for p < pi or k < nl - p - 2. In 
the following discussion all integers have even values only. 

-I 

. - 
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To obtain a drag formula, the ,@pkfs of the configuration sre 

expressed as a combinatim of the Mnlplpk*s of the form 
c c 

(C7) 

Substitution of this in equation (C3) yields 

An = cos% 

or interchange 

An = C0S2a 

n-2 n-p-2 p g+k+z 

1 1 1 1 gnpk &lpl %lplpksinPa coska 
p=o k=o pl=o nlpl+2 

of the order of summationa yields 

n-2 n n-2 n-p-2 

Qnpk itnlplpkeinpa co& 

pl=o nl=pl+a p=pl k=nl-p-2 

By the use of equation (C5) this becomes . 

Upon completion of the summation with respect to nL the expression 

n-2 

&l = cos2a EnpisfnP1a (~8) 

is obtained and can be used in the place of equatfon (C3) in the drag 
formula if the fCnpL1~ csn b_e found. The & vs till be linear func- 
tions of the configuratfon Mpk*s of the fomP' 

p1 n-p2-2 

Knpl = fnpsd2 2P2k2 (c9) 
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The quantities i&p1 can be found from the terms g of the cal- 
figuration if the fnlplp2k2's can be found. From equat%s (Cj)--and... 
(~8) it is found that 

n-2 n-p-2 n-2 

cc 
Qnpk G$kainPa coska = 

r 
KnplsinPla 

p=o k=o . p1=0 

for all a and all functions i?pk. Substituting equation (Cg) 5x1 the 
right side of the above equation yields 

n-2 n-p-2 

cc 
apk M'pksin% CO& = y -f nr2 fnplpk ~pkdnPkk 

p=o LO Pl=o P=o bP1-p 

= ?f nr2 @pk F fnpLpkSinPIU 

p=o kh Pz=P 

or 

n-2 n-p-2 

p=o k=o 

for all a and all functions fit,k. Thus 

k+p &pksin’a coska = c fq)lpksinP=a forall a 
Pr=P 

or expanaicm of CO8 ka by the binomial theorem ylelde 

p+k k+p 
hpk c ( -1) EpIf C$1-p a inPlcL = 

c fw?sk a in% 
P1=P 2 P&P 

for all a so that 

-c 

. 
-. 

-.-. 

a - 
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. 
.a L fnplpk = (-1) 

P1.P g 

'PYP %pk 
2 

Substituting equations (12) and (B4) In this equation yields 

(cm 

fnplpk = (-1) 
'-p12"-2 (y) 2p+k (k/2): 

(n-p;li-2): m (k-p;fp)!o! ('1') 

for even values of the integers. 

For odd values of nl and even p1 the &plpk's me defined by 

n-3 n-p-2 

and by a similar process 
n-s 

&I = COGa 
c 

itnpeinpa . 

p=o 

P2=0 kz=Pl-P2+1 
P2 e=n k2 odd 

and 

-.- 

fnp,pk = (-1) 
P1;Q ig 

%I,-p apk 
2 

for odd values of n and k. 
b m 

(Cl31 

(Cl.41 

(Cl51 

- 
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Since the dimensIonless drag components are given by 

integrals of the type 

are encountered and have been evaluated by means of a method of residue 
integration and differentiation with respect to psxameters. 

In summary, the drag of an arbitrary closed planar configuration with 
spanwise symmetry can be evaluated by means of the following formqlas: 

n 

I 

211-4 

c kj Jj Ij + ( > for even n 

j 2zn 

2nd 

n 
c i;aj JJ Qj e ( > 

for odd n 

j--o 
j even 

Jj = 31 for even j 

25 

(~16) 

(Cl71 

( ~18) 



NACARMA5bJl9 39 

(Cl9) 

Knp = 

PS 
p2 even 

~ 

P 

7 

P 

c 
P2=0 

p even 

p=o 
p even 

n-pg-2 

c fwp& %&2 
G=p-~2 
k2 even 

n-p2-2 

c fnm&2 %.a2 
k2=p-p2+1 

k2 odd 

for even 

for odd 

(c=) 
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fnPP,k2 = 

n-p-k& 
(-1) 2 

e+p:+k,)! 2(p2+k2) (>! - 

("-p$W>! p2!k2! (~P-~PFJ):('&+ 

for even n and even k2 

(-1) 
n-pzc (v)! 2(P&k2) (v)! 

(n-P2pJ-2): P2!k2! (k7P2-">:(p;p9 

for odd n and odd k2 

zero otherwise - 

I- . 

, 

: )I 

(C23) 

* - 
- 

.- 

(C24) 

In equation (C24) t(x,y) is the configuration thickness distribution, 
b1 and cI are the span and maximum chord, respectively, of an ellipse 
which completely encloses the configuration, b 
is the streamwise length of the wing. 

is the wing span, and c 
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The ffrst ffve values of En0 are given by 

m.- 
c 

-r 
$'oo) (480%~ - 16&, + a,, - 4&i+,) I, 

16&b4 + tito2 - 4&P,,) (8&4 - 48&B + 

-2 
* 

. 

4 1 
. 
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+ $& (8~Blo4 - 48oS22 + &al2 18 

(C25) 

The convergence tith respect to n ls best when the smallest poesi- 
ble ellipse 1s used, The theoretical drag curves in sketch (e) were cal- 
culated by dividing the configuration into parts of short, long, and 
intermediate length so that smaller ellipses could be used for the shorter 
psrts. The drags of these three psrts and their interactions were calcu- 
lated using values of n up to 6 in the formulas of this Appendix. The 
body moments in the region of the body cutouts were found to be fmportant 
and were taken into account using a quasi-cylindrical approximatfon to 
find an equivalent planar system neglecting induced camber effects. 
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